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A new model for energy exchange between translational and internal degrees of freedom in
atom-molecule collisions has been developed. It is suitable for both steady state conditions
(e.g., a large number of collisions with thermal kinetic energies) and non-steady state
conditions with an arbitrary distribution of collision energies (e.g., single high-energy
collisions). In particular, it does not require that the collision energies be characterized by a
quasi-thermal distribution, but nevertheless it is capable of producing a Boltzmann distribu-
tion of internal energies with the correct internal temperature under quasi-thermal conditions.
The energy exchange is described by a transfer probability density that depends on the initial
relative kinetic energy, the internal energy of the molecule, and the amount of energy
transferred. The probability density for collisions that lead to excitation is assumed to decrease
exponentially with the amount of transferred energy. The probability density for de-excitation
is obtained from microscopic reversibility. The model has been implemented in the ion trap
simulation program ITSIM and coupled with an Rice-Rampsberger-Kassel-Marcus (RRKM)
algorithm to describe the unimolecular dissociation of populations of ions. Monte Carlo
simulations of collisional energy transfer are presented. The model is validated for non-steady
state conditions and for steady state conditions, and the effect of the kinetic energy dependence
of the collision cross-section on internal temperature is discussed. Applications of the model to
the problem of chemical mass shifts in RF ion trap mass spectrometry are shown. (J Am Soc
Mass Spectrom 2003, 14, 1348–1359) © 2003 American Society for Mass Spectrometry
In most cases, unimolecular reactions in the gasphase can be described as proceeding via a two-stepprocess consisting of a collisional excitation step and
the actual reaction step. Likewise, recombination reac-
tions require both a recombination step and an ensuing
collisional de-excitation. The separation of the two steps
is possible because the time required for the random-
ization of the transferred energy among the degrees of
freedom of the molecule is usually short compared to
the duration of the reaction step [1]. The unimolecular
reaction step (e.g., dissociation) is fairly well under-
stood and can be modeled using approximations, such
as the Rice-Rampsberger-Kassel-Marcus (RRKM) the-
ory [1]. Collisional activation or de-activation, however,
remains an area of intense research [2–5]. Within the
subject of mass spectrometry, collision-induced dissoci-
ation, a special case of a unimolecular reaction, is of
particular importance. The purpose of this article is to
present a model that has been developed to describe
collisional dissociation in RF ion trap mass spectrome-
ters, but which should also be much more broadly
applicable.
The development of an accurate model for collisional
activation in the RF ion trap is a non-trivial project [6].
The model should fulfill several requirements: (1) It
should be valid for a large range of kinetic energies. (2)
It should be applicable to ions of significantly different
sizes. (However, only a monoatomic collision gas and
vibrational energy transfer is considered here.) (3) The
model should require only input parameters that are
readily available in the literature for a large range of
chemical compounds. (4) It must be computationally
efficient in order to follow the temporal evolution of a
large population of ions. Therefore it cannot be ex-
pected to describe every detail of the energy transfer
process accurately. In particular, microscopic models
that take into account the individual interaction poten-
tial, such as the implementation of a state-to-state
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statistical dynamical theory using the SSH model [7]
seem to be too complex and specialized for this pur-
pose, while classical trajectory calculations and quan-
tum mechanical close coupling calculations are compu-
tationally very expensive. Rather, the most appropriate
model may be a semi-empirical model that fulfills the
fundamental physical requirements, but relies on addi-
tionally adjustable parameters that are chosen to match
the experimentally observed results. While the model
developed here is specifically for collisions of poly-
atomic ions with neutral atoms, it could also be applied
to collisions between neutral molecules and atoms.
Radiative transitions are ignored, because RF ion traps
are operated with a buffer gas at pressures where the
rate for radiative relaxation is small compared to the
rate for collisional energy transfer [8].
The model is complicated by two additional require-
ments: (1) On the one hand the ions are stored for long
periods of time as a cooled ensemble under quasi-
thermal conditions. Hence the model must be able to
generate the correct steady state distribution of internal
energies. (2) On the other hand the ions have signifi-
cantly higher average kinetic energies at other times
during the experiment, specifically during ion injection,
isolation, and ion ejection. Here, the kinetic energy
distribution changes with time and deviates from the
steady state case. Hence this distribution cannot in
general be described by a temperature, let alone a fixed
temperature. It should be noted that in most cases the
internal energy of each ion can be assumed to be
distributed statistically among the degrees of freedom,
but that the total internal energy of the ion ensemble
will be distributed non-statistically throughout the ion
ensemble, due to the non-equilibrium spatial and ve-
locity distributions of the ions. This is illustrated in
Figure 1 by simulations obtained using the ion trap
simulation program ITSIM [9]. The results for a mass
analysis experiment in a Finnigan ITMS ion trap mass
spectrometer are shown, the geometry of which has
been slightly distorted by changing the distance from
the trap center to the tip of the endcap electrode from
the standard value of z0  7.83 mm to z0  6.8 mm. Such
traps give rise to chemical mass shifts [10, 11] (see
below). Figure 1a shows the kinetic energy distribution
of n-butylbenzene ions in the laboratory system during
the cooling and storage phase at a low-mass-cut-off
(LMCO) [12] of 40 Th (the unit Thomson is defined [13]
as 1 Th  1 u/e0, where u is the atomic mass unit and
e0 the elementary charge). A temporal variation in the
kinetic energy distributions is observed due to the
micro-motion of the ions caused by the RF voltage
applied to the trap, and the distributions corresponding
to the minimum and to the maximum kinetic energies
are given. It can be seen that the distributions do not
differ significantly from a Maxwell distribution, and
their temporal variation is relatively small. Since during
the cooling and storage phase several thousand colli-
sions can occur for each ion, it is vital to use an internal
energy transfer model under these conditions that is
capable of yielding the correct steady state distribution
of internal energies. Figure 1b shows the kinetic energy
distributions during the mass-selective instability scan
with boundary ejection close to the point of ion ejection.
Obviously, the temporal variation of the kinetic energy
distribution is very strong, and the distribution is very
different from the Maxwell distribution. Under these
conditions the kinetic energy distribution cannot be
described by a temperature and a model assuming a
quasi-thermal distribution of kinetic energies will yield
incorrect results.
Published models for internal energy transfer fulfill
either one or the other of the requirements for correct
treatment of both single collision conditions (non-
steady state) and many collision conditions (steady
state): (1) The simplest model which does not assume a
specific distribution of collision energies adds at each
collision a fraction of the relative kinetic energy to the
internal energy [14, 15]. This will obviously lead to an
Figure 1. Simulation of the kinetic energy distribution of a
population of 10 000 molecular ions of n-butylbenzene in the
Finnigan ITMS ion trap mass spectrometer with a distance from
the trap center to the tip of the endcap electrode of z0  6.8 mm (a)
during the cooling and storage phase at a LMCO of 40 Th and (b)
at a (nominal) LMCO of 132.6 Th during the mass-selective
instability scan with boundary ejection. The distributions corre-
sponding to the minimum and to the maximum (ensemble aver-
aged) kinetic energy occurring during one RF cycle are shown.
The solid line gives the Maxwell distribution corresponding to the
temporal average of the kinetic energy. Note that logarithmic
scales are used on both axes.
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unrealistically high internal energy after a few colli-
sions. A variation on this model developed by Fujiwara
and Naito [16] assumes that a certain fraction of the
internal degrees of freedom of the ions equilibrate with
the translational degrees of freedom. This model also
fails to yield realistic steady state distributions for the
internal energy without additional arbitrary restrictions
on the energy transfer. (2) Models have been developed
to describe the collisional energy transfer in thermal
unimolecular systems [1, 4, 5, 17, 18] and applied in
particular to the collisional de-excitation of highly vi-
brationally excited molecules [19, 20] and to resonance
excitation experiments in RF ion traps [21]. However,
they are suitable only for a steady state Maxwell distri-
bution of collision energies.
The steady state distribution in these thermal models
is determined by the microscopic reversibility relation
[22, 23]. By applying this criterion to the case of an
arbitrary distribution of collision energies, the limita-
tions of both model types can be removed. This type of
approach has been taken by Dunn and Anderson,
however only for a system containing a few discrete
states and ignoring collision cross-section effects [24].
The model developed here uses a quasi-continuous
distribution of states of the ion. While it is implemented
in a trajectory simulation program, which treats colli-
sions as discrete events, the model would also be
suitable for an implementation based on Master equa-
tion modeling with continuous distribution functions.
Theory and Implementation
Transitions in a system with discrete internal states can
be described by state-to-state cross-sections if, where i
and f are the initial and the final state, respectively, and
each state includes both the translational and the inter-
nal degrees of freedom. Let gi and gf be the degeneracies
of the internal degrees of freedom of the respective
states and Ki and Kf the relative kinetic energies, i.e.,
kinetic energies in the center-of-mass system (COM),
before and after the transition. Then the microscopic
reversibility relation, which relates the cross-sections
for forward and reverse transitions, is given by [22, 23].
giKiif  gfKffi (1)
The kinetic energies appear in this equation essentially
because of the phase space density corresponding to the
translational motion, which is assumed to be asymptot-
ically free. The microscopic reversibility relation ex-
presses the invariance of the collision process under
time-reversal [22, 23]. It is equivalent to the principle of
detailed balancing, which states that for a system in
equilibrium the rates for any process and its reverse
process are equal [23].
In order to extend the microscopic reversibility rela-
tion to a system with a quasi-continuous distribution of
internal states, it shall be assumed that at each moment
the system is sufficiently characterized by the internal
energy and the relative kinetic energy. This is appropri-
ate for a system with ergodic behavior, i.e., a system in
which the internal energy is randomized quickly among
all internal degrees of freedom following the transition
on a time-scale that is short compared to other pro-
cesses, such as dissociation, and is then distributed
statistically in the system. Also effects of the direction of
the translational motion are neglected. In addition in
the following it shall also be assumed that the transition
between the states occurs because of a collisional pro-
cess between a molecule or ion and a neutral atom and
that there is no change in the electronic state of the
molecule and the atom, such that only the vibrational
and rotational degrees of freedom of the molecule need
to be considered. The internal energy and the relative
kinetic energy before the collision will be designated by
E and K, respectively. If an inelastic energy transfer E
occurs during the collision, the final internal energy of
the molecule is E  E E and the final relative kinetic
energy is K  K  E. A collision that leads to internal
excitation of the molecule has E  0 and is referred to
as an internal energy up-step collision. A collision that
leads to de-excitation of the molecule has E  0 and is
referred to as an internal energy down-step collision.
For elastic collisions E  0. The state-to state cross-
section can then be replaced by the cross-section d(E,
K, E, K) corresponding to collisions that occur at an
internal energy E and at a kinetic energy K and lead to
an internal energy in the range from E to E  dE.
Because of energy conservation an equivalent form of
the cross section is d(E, K, E). In the following dwill
be used in the form
dE, K, E	  E, K	PE, K, E	dE	 (2)
where (E, K) is the cross-section for a collision corre-
sponding to any elastic or inelastic channel, and P(E, K,
E) d(E) is the probability for a specific inelastic
energy transfer in the range from E to E  d(E),
given that any collision occurs. Hence P(E, K, E) is a
probability density, and Emin
Emax PE, K, E	dE	 is the
probability for an energy transfer in the range from
Emin to Emax . The microscopic reversibility rela-
tion (1) can then be re-written as
E	KE, K	PE, K, E	
 E	KE, K	PE, K, E	 (3)
where (E) is the molecule’s vibrational and rotational
density of states. Following a derivation given by
Gilbert and Smith [1] it can be shown that this form of
the microscopic reversibility relation is equivalent to the
form used in the thermal internal energy transfer mod-
els, which is obtained by averaging over a Maxwell
distribution of kinetic energies. The energy transfer rate
coefficient for a system in translational equilibrium
with temperature T is given by [25]
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RE, E	dE	  A
0


K
 exp KkBTE, K	PE, K, E	dK dE	 (4)
where kB is Boltzmann’s constant and the prefactor is
A   8kBT	3 (5)
Without loss of generality, let E  0. Then only values
of K  E contribute to the integral in eq 4.
RE, E	  A
E


K
 exp KkBTE, K	PE, K, E	dK (6)
The energy transfer rate coefficient for the reverse step,
starting at an internal energy E and a relative kinetic
energy K, is
RE, E	  A
0


K exp KkBT
 E, K	PE, K, E)dK (7)
Substituting eq 3 into eq 7, one obtains
R(E, E)A
E


K exp K  EkBT 
 E, K	PE, K, E	
E	
E	
dK (8)
Comparison of eqs 6 and 8 yields the microscopic
reversibility relation in the form in which it is used in
the thermal energy transfer models.
RE, E	exp EkBTE	
 RE, E	exp EkBTE	 (9)
The same result has been obtained by Gilbert and
Smith; however they did not include the relative kinetic
energy factors occurring in eq 3. From eq 9 it is apparent
that at steady state, the resulting internal energy distri-
bution will be the Boltzmann distribution.
PintE	 
E	exp EkBT

0


E	exp KkBTdE
(10)
Recently, Drahos and Ve´key have addressed the
problem of developing a model for collisional energy
transfer for an arbitrary distribution of collision ener-
gies by extending a thermal energy transfer model to
explicitly consider the collision energies [26]. They
assign a temperature T to each collision by equating
the mean kinetic energy of the translational degrees
of freedom and the collision energy K in the COM
system
3
2
kBT  K (11)
and use eq 9 to determine the internal energy transfer.
This approach assumes, not completely correctly, that
the temperature can be treated as a variable and can be
changed for each collision. Because of the nonlinearity
of the microscopic reversibility relation, application of
the relation to an average of a distribution of kinetic
energies will in general not yield the same result as the
average of repeated applications to the same distribu-
tion of kinetic energies. For example, the model of
Drahos and Ve´key treats a monoenergetic ion popula-
tion as an ion population with a quasi-thermal distri-
bution with the same mean kinetic energy. Below, an
example will be given to illustrate the deviations result-
ing from this approach.
In the present work, the microscopic reversibility
relation (eq 3) is used rather than its counterpart (eq 9)
that has been averaged with a Maxwell distribution of
collision energies. The model developed here is there-
fore able to reproduce the Boltzmann distribution of
internal energies (eq 10) at steady state for a non-
fragmenting population as well as realistic internal
energy distributions at non-steady state.
In the following it will be assumed that the collision
cross-section is independent of the internal energy. For
a given functional form f(K, E) of the probability
density for internal energy up-steps, the probability
density for internal energy down-steps can be deter-
mined using eq 3. The energy transfer probability
density then becomes
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PE, K, E	  
CE, K	 fK, E	 0  E  K
C(E 	 E, K  E)
K  E
K
K  E	
K	

E 	 E	
E	
fK  E,  E	  E  E 
 0
0
otherwise
(12)
The normalization coefficients C(E, K) can be deter-
mined from the condition

E
K
PE, K, E	dE	  1 (13)
which gives rise to the nonlinear multivariate integral
equation
CE, K	  1  
E
0
CE 	 E, K  E	

K  E
K
K  E	
K	

E 	 E	
E	
 fK  E,  E	dE	
0
K
fK, E	dE	
1
(14)
In this work, eq 14 is solved in analogy to the methods
developed by Gilbert and King [19] and Barker [18].
Other than in the thermal models, the normalization
coefficients depend on the two variables E and K instead
of only E, which complicates the treatment. A two-dimen-
sional grid of discrete values for E and K is used, on
which the coefficients C(E, K) are calculated numeri-
cally. For E  0 the evaluation of eq 14 is straight-
forward. Therefore, the normalization coefficients are
calculated for each value of K, starting with E  0 and
proceeding with increasing values of E and correspond-
ingly decreasing values of K. At each step, eq 14 is
solved by Brent’s method for nonlinear equations [27],
using the already calculated values of C, and treating
the value of C at the current grid point as the variable.
To reduce the number of data points required to achieve
acceptable accuracy, a nonlinear grid is used, the coor-
dinates of which are obtained by the transformations
  arctanEK (15)
G  E 	 K (16)
The individual grid points are chosen as
m 

21  mm 	 1	MM 	 1	 m  0. . .M (17)
Gn 
nn 	 1	
NN 	 1	
Emax 	 Kmax	 n  0. . .N (18)
During Monte-Carlo simulations, values of E are gen-
erated from the known probability density P(E, K, E)
by a numerical implementation of the transformation
method [27]. For each grid point (m, Gn), the probabil-
ity Ex PE, K, E	dE	 is tabulated as a function of x
in the interval from E to 0. The integral is evaluated
numerically using Simpson’s rule. The normalization
coefficients at arbitrary points are calculated from the
values on the grid points by linear interpolation. To
obtain a random value of E according to its distribu-
tion, a random number from the unit interval is gener-
ated. If the random number is larger than the probabil-
ity at x  0, an energy up-step occurs. The value of the
up-step is generated from an exponential distribution.
Otherwise the value of the down-step is determined by
matching the tabulated values with the random num-
ber. This method for generating values of E is rigor-
ously correct for a given form of P(E, K, E) and does
not require additional assumption concerning C(E, K)
and the ratio (E  E)/(E) as in the approach taken
by Barker [18].
This model for energy transfer between translational
and internal degrees of freedom in atom-molecule col-
lisions was implemented and embedded in the ion trap
simulation program ITSIM [9]. This program calculates
the trajectories of a population of ions in ion traps of
different geometries, and can thus yield, amongst other
information, simulated mass spectra as well as informa-
tion about the ion population, such as the distribution
of kinetic energies. Different models are available in
ITSIM for the treatment of elastic collisions: (1) A
hardsphere collision model allows the user to employ
an energy-independent collision cross-section for each
ion species. This model is usually assumed to be valid
for high collision energies [28]. (2) The Langevin colli-
sion model considers collisions of ions with non-polar
neutrals. For these collisions, the collision cross-section
is given by [29]
K	 
e
0
 8K (19)
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where e is the ionic charge, 0 the permittivity of
vacuum and  the polarizability of the neutral. This
model is usually used for small collision energies (3). To
allow for more a more accurate treatment of collisions,
in particular at intermediate collision energies, a colli-
sion model is available in ITSIM, which allows for a
more complex dependence of the collision cross section
on the collision energy [30]. Values of the cross-sections
and their dependence on the collision energy used in
the program can be taken from the literature [31, 32] or
calculated as projection cross-sections from energy-
minimized structures of the molecules [33]. The velocity
of the ion after the collision is determined from the
conservation laws of energy and momentum, assuming
isotropic scattering in the center-of-mass system. The
new model for inelastic collisions was combined with
the elastic collision model. A change in internal energy
is applied whenever the elastic collision model deter-
mines that a collision occurs. The relative velocity in the
COM system after the collision is calculated taking into
account the internal energy transfer.
To test the general concepts embodied in the model
introduced here it is applied to a particular system for
which experimental data is available, the dissociation of
the radical cation of n-butylbenzene. For this particular
application, a particular functional form of P(E, K, E)
must be selected. Note that any weaknesses in this
choice do not invalidate the model. The probability
density for the internal energy up-steps is chosen to
decrease exponentially with the energy transfer E.
Such an exponential dependence is often referred to as
weak collider model, since the probability density has a
maximum value for elastic collisions, E  0. This
dependence has been reproduced by a state-to-state
statistical dynamical theory developed by Barker [7]
and is used for the down-step side in most thermal
energy transfer models [17, 18]. Other approaches that
could have been employed are a double exponential
dependence [20] or a Gaussian dependence [1] of the
probability density on the step size. Experiments and
trajectory calculations have suggested a roughly linear
dependence of the internal energy up-step size on the
collision energy for some ion species [14, 34, 35], and an
approximately square-root dependence for others [36,
37]. Here, a linear dependence was chosen, but a change
in the implementation to a square-root dependence is
straight-forward. The functional form for the probabil-
ity density for internal energy up-steps is thus deter-
mined from
fK, E	 
1
K
expE
K (20)
where  is an adjustable parameter and has to be
obtained experimentally. The model yields an average
internal energy up-step size
Eup 

0
K
pE, K, E	EdE	

0
K
pE, K, E	dE	
   11  exp1/		 K  K (21)
where  is the up-step transfer efficiency. For   1
one has to a good approximation   . The largest
average internal energy up-step size that the model can
produce is  Eup   1/2K in the limit 3 
 in which
case the truncated exponential coincides with a step
function. Higher energy conversion efficiencies could
be modeled by allowing several energy transfer steps
per collision. This could be realistic in particular for
low-energy collisions which involve complex formation
[38]. The average internal energy down-step size is
given by
Edown 

E
0
pE, K, E	E dE	

E
0
pE, K, E	de	
(22)
The average net step size is
E 

E
K
pE, K, E	E dE	

E
K
pE, K, E	dE	
 
E
K
pE, K, E	E dE	 (23)
The unimolecular dissociation of the excited polyatomic
ions is modeled using RRKM theory, according to
which the rate constant for dissociation is given by [1]
kdisE	 

0
EE0
E	dE
hE	
(24)
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where  and  are the density of states of the molecule
and its transition state, respectively, and h is Planck’s
constant. The density of states is calculated with the
Beyer-Swinehart direct count algorithm [1]. The internal
degrees of freedom are approximated by an ensemble
of uncoupled harmonic oscillators. Rotational degrees
of freedom are neglected. While it might seem contra-
dictory to ignore anharmonic oscillations in a highly
excited molecule and coupling between the degrees of
freedom, which is responsible for the randomization of
internal energy throughout the molecule, as assumed
by RRKM theory, these approximations have yielded
good results in practice [1]. However, the neglect of
rotational degrees of freedom will lead to deviations for
small molecules, e.g., diatomics [39]. Also, angular
momentum constraints are not taken into account.
Upon dissociation, the internal energy is partitioned
between the ion fragment and the neutral fragment
such that the ion fragment maintains its internal tem-
perature. Kinetic energy release through fragmentation
is ignored; the product ion is assigned the velocity of
the parent ion.
An arbitrary number of competitive and consecutive
dissociation channels is supported. Since competitive
dissociation channels can typically be assumed to be
independent of each other [1], the total rate constant kdis
is the sum of the N rate constants kdis,j of the individual
dissociation channels
kdis  

j1
N
kdis, j (25)
For a given set of rate constants, the time interval tdis
between collision and dissociation can be generated
using a random number xrnd from the unit interval by
the expression [40]
tdis  
lnxrnd	
kdis
(26)
The dissociation channel may be drawn using a second
random number yrnd from the unit interval. It is given
by the channel i for which


j1
i1
kdis, j 
 yrndkdis  

j1
i
kdis, j (27)
Results and Discussion
In the following, results of application of the model for
inelastic collisions of n-butylbenzene ions will be dis-
cussed. The data were calculated using vibrational
frequencies of neutral n-butylbenzene molecules given
by Baer et al. [41]. It will be shown that the model does
indeed fulfill the requirements listed in the introduc-
tion, i.e., (1) that it is capable of producing the energy
transfer in single collisions as designed with an explicit
dependence on kinetic energy, and (2) that it achieves
the correct steady state distribution of internal energies
under quasi-thermal conditions. Also, it will be shown
that it yields a reasonable transition from single colli-
sions (non-steady state) to many collisions conditions
(steady state), and that together with the RRKM imple-
mentation it yields reasonable fall-off curves. Finally, an
example for the application of the model to the problem
of chemical mass shifts in ion trap mass spectrometry
will be discussed.
Results for Single Collisions (Non-Steady State)
An example for the probability distribution for internal
energy steps P(E, K, E) as a function of the step size E
is shown in Figure 2. According to the form chosen in eq
20, the probability density has a maximum for elastic
collisions E  0 and decreases exponentially with
increasing step size. For step sizes larger than the
collision energy K in the COM system it is zero. For
energy down-steps, the shape of the probability density
curve is determined by microscopic reversibility. As is
clear from eq 12, the curve for down-steps is not a
simple mirror image of the curve on the up-step side. In
particular, it is not truncated at E  K, but at E 
E (not shown in Figure 2.) The results of a Monte-
Carlo simulation are given in comparison, showing that
the algorithm for generating energy transfer values has
been implemented correctly. Also shown is the proba-
bility density for internal energy steps for a thermal
distribution of collision energies
Figure 2. Probability density P for internal energy up- and
down-steps for the molecular ion of n-butylbenzene at an internal
energy E  1.2 eV and a collision energy in the COM system K 
0.09 eV as a function of the step size, assuming an up-step transfer
efficiency   0.3. Also shown is the result of a Monte-Carlo
simulation of 600 000 ions, and the probability distribution P for
collisions at a temperature of 2/3 K/kB  700 K. Note that a
logarithmic scale is used for the vertical axis, hence a straight line
indicates exponential behavior.
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P (E, T, E)
2
(kBT)3/2 
0


PE, K, E	K
 exp  KkBTdK (28)
It can be seen that P(E, K, E), which is used in the
thermal models for internal energy transfer, and P(E, K,
E), evaluated for the corresponding mean kinetic
energy, are similar, but not identical. The most impor-
tant difference is that the thermal expression is not
limited for high kinetic energies. Thus, although the
truncation of the energy transfer probability density
might appear physically unreasonable because of its
non-smooth drop-off, the results will be undistinguish-
able from thermal expressions that are not truncated.
The dependence of the average internal energy up-
step size, the average internal energy net step size, and
the average internal energy down-step size on the
kinetic energy is illustrated in Figure 3. By design, the
internal energy up-step size increases linearly with the
kinetic energy. The dependence of the down-step size
and of the net step size on kinetic energy is determined
by microscopic reversibility. At low kinetic energies, the
magnitude of the up-step is smaller than the magnitude
of the down-step; on average more energy is transferred
from the internal degrees of freedom to the translational
degrees of freedom than vice versa. At higher kinetic
energies, the up-step size becomes much larger, but the
internal energy down-step size is almost independent
of kinetic energy, and the net step size becomes posi-
tive; on average more energy is deposited in the internal
degrees of freedom, the molecule is excited. Therefore
the model indicates that the almost linear increase in the
internal energy deposition, as found in many CID
experiments [14, 34, 35], can be compatible with a
down-step size which is almost independent of the
collision temperature, as determined by experiments
combined with modeling in thermal systems [19, 20].
However, the model predicts such a dependence of the
down-step size on kinetic energy only for relatively
large up-step efficiencies  0.2; for smaller efficiencies
the magnitude of the down-step size also increases with
kinetic energy.
Results for Many Collisions (Steady State)
The steady state internal energy distribution was inves-
tigated by Monte-Carlo simulations using a population
of 100 000 non-fragmenting n-butylbenzene ions in a
helium buffer gas at a temperature of 500 K in the
absence of electric fields. Two different collision cross-
section models were used for these simulations, the
Langevin collision model and the hardsphere collision
model. These cross-section models have different de-
pendences on the relative kinetic energy (see above). As
can be seen from Figure 4a the model for internal
energy transfer presented here indeed produces a Bolt-
zmann distribution of internal energies at the correct
temperature of 500 K for both collision cross-section
models, in accordance with the derivation of eq 9.
This has serious implications for the effect of the
energy-dependence of the collision cross-section on the
internal temperature of molecular ions during colli-
sional processes. Thermal models developed for de-
scribing excitation and de-excitation of molecules do
not explicitly consider the effect of the energy-depen-
dence of the collision cross-section on the internal
temperature, but Raznikov and co-workers have argued
that the temperature-dependence of the collision cross-
section does influence the internal energy [42]. While
for Langevin-type collisions the collision probability is
independent of relative kinetic energy, for hardsphere
collisions the collision probability increases linearly
with the square-root of the relative kinetic energy.
Hence, the average relative kinetic energy of ions col-
liding with atoms in the hardsphere model is larger by
a factor of 4/3 than the average relative kinetic energy
of randomly chosen ion–atom pairs. This gives rise to
higher collision energies for hardsphere collisions com-
pared to Langevin collisions. According to the work of
Raznikov and co-workers, this also increases the inter-
nal temperature of the ions by a factor of 4/3 if they are
undergoing hardsphere collisions. From the results ob-
tained here, however it is clear that for systems invari-
ant to time-reversal, i.e., for those system for which the
microscopic reversibility relation holds, the steady state
internal energy distribution arising from collisions with
a buffer gas with a Maxwell distribution of kinetic
energies is not shifted based on the energy-dependence
of the collision cross-section. While the average collision
energy may be higher and excitation therefore more
effective, also the de-excitation is more pronounced
because of microscopic reversibility.
Figure 4b shows the results for a thermal model
Figure 3. Average internal energy step sizes for the molecular
ion of n-butylbenzene at an internal energy E  0.185 eV as a
function of the COM collision energy K, assuming an up-step
transfer efficiency   0.3. The upper curve gives the up-step size
 Eup , the middle curve the net step size  E , and the
lower curve the down-step  Edown .
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using the microscopic reversibility relation (eq 9) with a
temperature that is changed at every collision to reflect
the individual collision energy according to eq 11. As
explained above, this incorrectly assumes that the tem-
perature can be treated as a variable. As can be seen
from the figure, the resulting internal energy distribu-
tions differ significantly from the correct Boltzmann
distribution at a temperature of 500 K. For Langevin
collisions the Boltzmann distribution with the same
mean internal energy corresponds to a temperature of
762 K, and for hardsphere collisions to a temperature of
925 K. However, if the collision energies are changed to
a monoenergetic distribution corresponding to 500 K,
the correct Boltzmann distribution at an internal tem-
perature of 500 K is obtained. This shows that thermal
internal energy transfer models are not suitable for
treatment of non-thermal collision conditions, even if
the collision temperature is adjusted for every collision.
Results for the Transition from Non-Steady State
to Steady State
The temporal evolution of the internal energy distribu-
tion was investigated in a Monte-Carlo simulation
using 100 000 non-fragmenting n-butylbenzene ions in a
helium buffer gas at a temperature of 700 K and a
pressure of 7 mTorr in the absence of electric fields. An
up-step transfer efficiency   0.2 was chosen. The
initial internal energy of the ions was set to the (phys-
ically unreasonable) value of E  0. This permits one to
easily monitor the accumulation of transferred energy
in the internal modes of the ion. The results are shown
in Figure 5. After each ion has undergone on average
one collision, the internal energy distribution is essen-
tially exponential. Additional collisions increase the
internal energy, and the maximum of the distribution is
shifted to higher values. The more collisions the ions
undergo, the more the internal energy distribution
approaches the Boltzmann distribution. After 500 colli-
sions, only minor changes in the average internal en-
ergy are observed for additional collisions, and after
2000 collisions the internal energy distribution is undis-
tinguishable from the Boltzmann distribution. These
simulation results agree well with those obtained by
Laskin et al. [43] from measurements of the fragmenta-
tion efficiency curves of the bromobenzene radical
cation in an FT-ICR mass spectrometer and subsequent
RRKM modeling of the fragmentation process. The
investigated compounds and the excitation methods are
different and hence the absolute values of the average
internal energy and the number of collisions cannot be
expected to match, but the general temporal evolution
of the internal energy from an exponential distribution
to a Boltzmann distribution is remarkably similar.
Figure 4. Monte-Carlo simulations of internal energy distribu-
tions obtained at steady state for 100 000 molecular ions of
n-butylbenzene in collisions with a helium buffer gas at a temper-
ature of 500 K for an up-step transfer efficiency   0.2 (a) using
the new model for internal energy transfer and (b) using a thermal
model for internal energy and calculating the temperature for each
collision according to eq 11. The bold solid curve shows the
Boltzmann distribution for the molecular ion of n-butylbenzene at
500 K and the thin solid curve shows a Boltzmann distribution for
each simulated distribution corresponding to the mean internal
energy.
Figure 5. Simulation of the temporal evolution of the internal
energy distribution of 100 000 molecular ions of n-butylbenzene
ions in collisions with a helium buffer gas at a temperature of 700
K and pressure of 7 mTorr. The Langevin collision model and an
up-step transfer efficiency   0.2 was used. The initial internal
energy is E  0. For each internal energy distribution, the average
number of collisions is given, that the ions have undergone
until that time. The Boltzmann distribution was calculated from eq
10.
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Results for Collisional Dissociation
Results of the model for inelastic collisions coupled
with the RRKM theory implementation were obtained
for the dissociation of the molecular ion of n-butylben-
zene. Two competitive dissociation channels were con-
sidered:
C10H14
 3 C7H8
(92u)  C3H6 (29)
C10H14
 3 C7H7
(91u)  C3H7 (30)
The critical energies for the two dissociation channels
were taken as 0.99 eV and 1.61 eV, respectively [41].
Possible consecutive dissociation [44] from the 92 u ion
to 91 u was neglected.
The simulated pressure dependence of the rate con-
stant for the thermal dissociation of n-butylbenzene
ions through the dissociation channel (eq 29) giving rise
to the 92 u fragment is shown in Figure 6. It was
obtained by Monte-Carlo simulations of 10 000 n-butyl-
benzene ions at different buffer gas pressures. The
Langevin collision model and an internal energy up-
step efficiency of   0.3 was used. The low pressure
limit and the high pressure limit can be clearly recog-
nized. At low pressures the dissociation rate is deter-
mined by the rate for collisional energy transfer and
hence increases linearly with pressure. At high pressure
the collisional energy transfer is fast compared to the
time required for fragmentation and the overall disso-
ciation rate becomes pressure independent. While no
corresponding measurements were available in the lit-
erature, Figure 6 can be compared with the pressure
dependence of different chemical systems, which are
qualitatively very similar [1].
Application of the Model to the Problem of
Chemical Mass Shifts in Ion Trap Mass
Spectrometry
As was discovered inadvertently during the develop-
ment of the first commercial ion trap mass spectrome-
ters, RF ion traps using the mass-selective instability
scan for mass analysis may measure incorrect masses
for some ions while giving correct masses for others, if
their electrode geometry is not optimized, e.g., if it
differs from the geometry of today’s mass spectrome-
ters [45]. As is shown elsewhere [10, 11], such phenom-
ena, which have been termed chemical mass shifts
because of their compound-dependent nature, are caused
by a prolonged delay in ion ejection because of field faults
arising in non-optimized ion traps, and by a modification
of this ejection delay due to collisions of the ions with the
helium buffer gas, which, translated to the mass scale,
gives rise to a shift in the apparent mass. In particular,
dissociation of the ion during the ejection delay can cause
mass shifts, which can be as large as one mass unit [10].
The internal energy transfer model presented in this
work was applied to the problem of chemical mass
shifts in order to obtain quantitative information about
the phenomenon from simulations and to compare it to
measured data. Figure 7 shows measured and simu-
lated mass spectra of n-butylbenzene and xenon for the
Finnigan ITMS ion trap mass spectrometer in a non-
optimized geometry. The measured spectrum is shown
in Figure 7a. In order to verify the identity of the peaks,
the spectrum was acquired while both samples were
present in the ion trap and when only one of the
samples was present. Clearly, the peaks do not appear
at the correct mass. In particular, the molecular ion of
n-butylbenzene appears at a lower mass than the 134 u
isotope of xenon, although its exact mass (134.110 u) is
larger than that of the xenon isotope (133.905 u). In
Figure 7b, the results of the corresponding simulation
are given for different internal energy up-step efficien-
cies. With an up-step efficiency of   0.1, the limited
number of collisions during the ejection delay is hardly
large enough to bring the internal energy of n-butylben-
zene above the threshold for dissociation. Therefore
both ion species behave similarly, and the peaks over-
lap. With increasing internal energy up-step efficiency
the n-butylbenzene and xenon peaks start to separate,
since the internal energy of the n-butylbenzene ions is
increased more rapidly in collisions with the helium
buffer gas, and a significant portion of the n-butylben-
zene dissociates at the beginning of the ejection delay,
apparent as a shift to lower mass-to-charge ratios. The
best agreement with the experiment is found for an
efficiency   0.4, for which even minor details of the
peak shapes are reproduced in the simulation. A similar
conversion efficiency has been found by Nacson and
Harrison for electron-volt energy collisions of n-butyl-
benzene ions with argon [46]. In other examples shown
in reference [11], very good agreement was found
between simulations and experiments as well, hence the
Figure 6. Pressure dependence of the rate constant for the
dissociation of the molecular ion of n-butylbenzene to the frag-
ment ion of 92 u in a helium buffer gas at a temperature of 550 K,
obtained by Monte-Carlo simulations employing 10 000 ions at
different buffer gas pressures. The Langevin collision model and
an internal energy up-step efficiency   0.3 was used. Note that
logarithmic scales are used on both axes.
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internal energy transfer model has been applied suc-
cessfully and it has helped in the validation of the
chemical mass shift theory.
Conclusions
A new model for inelastic molecular collisions has been
presented, which is suitable for steady state or non-
steady state conditions (or a combination of both) with
an arbitrary distribution of collision energies. Such a
model is required wherever the conditions chosen can-
not be approximated by either a quasi-thermal distri-
bution of collision energies or by the occurrence of a
few high-energy collisions, or where a transition occurs
between these two cases. With Monte-Carlo simulations
it was shown that the model yields internal energy
distributions that are similar to experimentally deter-
mined internal energy distributions, and that at steady
state a Boltzmann distribution of internal energies is
reached for a population of non-fragmenting ions. Since
the same Boltzmann distribution is observed indepen-
dently of the energy-dependence of the collision cross-
section, such a dependence cannot influence the equi-
librium temperature. Using a RRKM implementation, a
realistic dependence of the dissociation rates of the
molecular ion of n-butylbenzene on the buffer gas
pressure could be reproduced. The model was applied
to the problem of chemical mass shifts in RF ion traps
and closely reproduces the experimentally observed
data.
The primary limitations of the model for inelastic
collisions are that the behavior of the system must be
invariant under time-reversal, be sufficiently character-
ized by internal and kinetic energy, and may only
include a monoatomic buffer gas without electronic
excitation. The other choices made in this work, in
particular the form of f(E, K, E) and the parameters for
the RRKM algorithm, were adapted for this implemen-
tation, but could be chosen to be suitable for other
problems as well. In addition, while the model was
implemented here for the treatment of discrete collision
events it is also suitable for an implementation based on
Master equation modeling with continuous distribution
functions. Therefore, although the model has been
developed to be applied to a specific situation dealing
with the motion of trapped ions in a mass spectrometer,
it should be much more broadly applicable.
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